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Available online 25 March 2015AbstractThe report presents and analyzes the experimental results luminescence study alumina and theoretical results showing that the
dielectric nanoparticles have the exciton states of electrons with binding energy of several electron volts, which are excited by the
weak optical laser radiation. Such materials with a wide spectrum of exciton states are important for creation: exciton lasers and
optical emitters; receiving and emitting optical nano-antennas; control and processing information and signals; generation low-
power optical solitons; optical computers etc.
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In recent years, experimental investigations of the
nonlinear optical properties of dielectric nano-
composites containing small concentrations of dielec-
tric nanoparticles showed that they exhibit unique
optical nonlinearity in low-intensity optical radiation
fields [1e11]. The anomalous nonlinear optical prop-
erties are as follows: (I) Great value of bandgap gave
reason to think that the nonlinear response of nano-
composite media occurs under ultraviolet light but it is
observed for visible and infrared light [1]; (II)* Corresponding author.
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below 1 kW/cm2 and can be observed under pulsed
and cw laser modes. It reaches a maximum and dis-
appears with increasing intensity [2e4]; (III) It takes
place if transmission spectra of nanoparticles array
have the broad bands of light absorption that are absent
for the bulk sample [1,5,6,10]; (IV) Nonlinear optical
properties take place at frequencies lying within the
absorption band of light [5]. Typical dependences the
nonlinear part of the absorption coefficient and
refractive index on the intensity of radiation are pre-
sented in Fig. 1. The intensity threshold and nature of
nonlinear response depend on characteristics of nano-
particles and matrix material as well as their size and
shape. It was determined that dielectric nanoparticles
have nonlinear response when the matrix has a static
permittivity less than that of nanoparticles. These factsniversity, Dalian University of Technology, Kokushikan University.
Fig. 1. Typical dependence the nonlinear part of the absorption coefficient and refractive index on the intensity of radiation. (points and curves are
experimental and theoretical results, respectively).
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the electrons of the nanoparticle. In the report presents
and analyzes the experimental and theoretical results
showing that the dielectric nanoparticles have the
exciton states of electrons with binding energy of
several electron volts, which are excited by the weak
optical laser radiation [7].
Main part
The existence of nonlinear optical properties in
dielectric nanocomposites points out that the electronic
structure of nanoparticles dispersed in dielectric matrix
differs significantly from the electronic structure of the
bulk sample. Differences consist, first, of formation of
the allowed energy levels for the charge carrier in the
bandgap because the bandgap structure is connected
with a complex form of nanoparticles and high density
of surface defects in the crystal structure [8].
Moreover, the electrons of nanoparticles should
have broad band of exciton states (Fig.2). A contri-
bution of exciton states into optical properties is sub-
stantial if their Bohr radius is comparable to
nanoparticle's size (or less than the size e the weak
confinement regime). In contrast to the single-particle
states, the accurate description of exciton states is
impossible even for spherical nanoparticles. We can
investigate an influence of nanoparticles' shape and
size upon exciton energy spectrum more carefully byusing an exactly solvable model of a nanoparticle
represented as a system of two charge carriers e
electron and electron hole, which exist inside an infi-
nitely deep potential hole limited by paraboloid of
revolution and sizes of real nanoparticles [9].
We estimate exciton energy spectrum taking into
account only Coulomb interaction between electron
and electron hole as well as quantum size effect in the
effective mass approach. This assumption is reasonable
due to comparatively small sizes of nanoparticles.
Exciton's wave function J(h,x,f) in a parabolic co-
ordinate system with the center in the center of gravity
of electronehole pair satisfies the next equation
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Eq. (1) utilizes relative units where the Plank con-
stant and a charge are equal to 1, masses of electron
me, electron hole mh and exciton m ¼ memhmeþmh are chosen
in accordance with the effective in accordance with the
effective mass approach; as a length unit Bohr radius
of the excitonaex ¼ ε2me2Z2. Parabolic coordinates are
connected with Cartesian ones as it follows
x ¼ ﬃﬃﬃﬃﬃxhp cos 4 y ¼ ﬃﬃﬃﬃﬃxhp sin 4 z ¼ 12 ðx hÞ. Parab-
oloid of revolution around the OZ axis in parabolic
coordinates system is represented with the equation
Fig. 2. Eexciton's energy spectrum into the paraboloid of revolution.
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paraboloid); a surface which is a base of nanoparticle is
represented with the equation x ¼ 2z0 þ h . Co-
ordinates of nanoparticle's surface points satisfy the
equations h0 ¼ h and x ¼ 2z0 þ h. The corresponding
boundary condition imposed upon the wave function
on the surface of the potential hole has the next form
jðh0; x ¼ 2z0 þ h;fÞ ¼ 0. A solution of this equation
which is finite in the centre of coordinate system and
zero-equal on the infinity is expressed by using
degenerated hypergeometric functions Fða; jmj þ 1; rÞ
. This solution has the next
Jðh;x;4Þ¼C 1
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The n number defines exciton's binding energy
levels En ¼  me42Z2ε2
2
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13; 6eV .
There is a ground quantum state with and b ¼ 1,
a ¼ 0, а nðjmj þ 1Þ ¼ h0 which satisfies the boundary
condition upon the side surface of the paraboloid ofrevolution. In this case using (2) we have
n ¼ jmjþ12 ±
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðjmjþ1Þ2
4 þ h0jmjþ1
q
and every value of quan-
tum number m is associated with two levels. The value
of m ¼ 0 corresponds to an exciton which has a motion
plane parallel to OZ. The effective masses of electron
and electron hole in, e.g. Al2O3 are equal to 0 0.4 m
and 0 6.2 m. Given these masses within the nano-
particle of 40 nm height and 40 nm width of a bottom
the value of 0 h is equal to 13 a.u. and the binding
energies of the exciton's ground state are equal to
0.07 eV and 0.04 eV correspondingly. Assuming the
kinetic energy of exciton's motion to be negligibly
small, we come to the conclusion that energy levels of
the exciton lie inside the forbidden band at a ranges of
0.07 eV and 0.04 eV from the bottom of conduction
band. The second duplet of levels corresponding to
m ¼ 1 lies at range 0.05 eV and 0.21 eV from the
conduction band to the direction of forbidden band.
These values for m ¼ 2,3,4 are equal to 0.03 eV and
0.58 eV, 0.04 eV and 1.36 eV, 0.02 and 4.06 eV
correspondingly. One can observe the effect of
geometrical amplification of electronehole interaction
in the spectrum of the abovementioned lines. The
boundary condition upon the surface x ¼ 2z0 þ h is
assosiateld with excited state with b ¼ 0, a ¼ 1 and
n ¼ jmjþ12 ±
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðjmjþ1Þ2
4 þ 2z0þhjmjþ1
q
One can witness in this
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which varies in the range from 0 to h0. The dependence
demonstrates an influence of a surface shape of a po-
tential hole upon exciton's energy spectrum.
Generally, the exciton's energy spectrum consists of
two areas: the first one is virtually continuous and it
lies next to the bottom of the conduction band, the
second one is discrete and lies deep (several eV) of in
the forbidden band. Energy spectrum of free charge
carriers like energy spectrum of an exciton and is not
uniform (dependent of coordinate h).
Thus, taking into account natural and thermal
broadening of levels, we can say that energy spectrum
of the exciton is formed as a virtually continuous band
with a width of 0.1 eV approx., adjacent from the
bottom to the conduction band, and broadened discrete
levels which lie within the forbidden band at the range
about (1e2) eV and more from the bottom of con-
duction band. Energy spectrum of charge carriers in the
conduction band can have discrete levels as well. The
above results may be summed up as follows: we can
build up a model of a diagram of energy levels of
single- and double-particles charge carriers states in
dielectric nanoparticles (Fig. 3) by using Al2O3 nano-
particles as an example. This particle is of a complex
shape and its sizes are equal to 40e50 nm approx.
(Fig. 3). Unlike volume samples, the nanoparticles
charge carriers can have an energy spectrum with
broadened quantum size levels, broad band of exciton
states and a subzone of allowed energies, lying within
forbidden band, caused by surface and internal defects
of nanoparticle's material, impurity centers etc.. Itn0ðu;IÞ¼n00þ
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ð4Þshould be noted that electronic structure of nano-
particle within a matrix depends to a great extent on
relationship of dielectric permittivities of materials of
matrixε1 and nanoparticles ε2. Whenε1=ε2
> 1 the jump
permittivity on nanoparticle surface leads to reduce the
exciton binding energy and density of states of the
donor levels. This reduces the width and depth of the
absorption band in the transmission spectra of the
nanoparticles.
Whenε1=ε2
< 1 the polarization charges on the sur-
face of the nanoparticles increases energy. excitonbinding and density of states of the donor levels
nanoparticles. The absorption band of light nano-
particles becomes deeper and gets blue shift..Complex
nonlinear refraction index nðu; IÞ of a nanocomposite
in the field of linearly polarized light, can be expressed
as
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where the sum is taken over all allowed optical transi-
tions of charge carriers in the nanoparticle with the
frequency of ung halfwidth Gng and dipole electric
moment component of the optical transitions
ping ¼ < njerijg> ,Drngðu; IÞ is a radiation induced
population difference between states jn〉 and jg〉 is a
function of the incident radiation intensity I. Value
AngðQ1;Q2Þ ¼ 2pNZn0

1
3
pr ng2 þ Q1ðp1ng2  p3ng2Þþ
Q2ð
p2ng2  p3ng2Þ

is a monotonic rising function of
radiation intensity and Q1;Q2 are the parameters of the
orientational order of nanoparticles in the external
field. When the light intensity is equal to zero, due to a
lack of own dipole moments of nanoparticles
AnðQ1;Q2Þ ¼ 0 and the refraction index nðu; ІÞ ¼ n0.
The real part of the refraction index responsible for
light refraction isElectronic structure of dielectric nanoparticles is
characterized by broad light absorption bands, absent
within volume samples, a wide energy gap, a subzone of
allowed energy (exciton, doped, etc.) of electrons within
forbidden band and adjacent to the bottom of conduction
band and broadened quantum-size levels (minizones)
[5]. Allowance of the electronic structure of nano-
particles can be made by substituting in the Eq. (4) the
integration within limits from (un  Du1) to with state
densitiesg1 and g2 correspondingly for the summation
over g states. Here un is the frequency of interzone
Fig. 3. The diagram of energy levels of single- and double-particles states of charge carriers in dielectric nanoparticles and Images of Al2O3
nanoparticles obtained by using SAFM.
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the width of allowed energies subzone within forbidden
band,Du2– the width of subzone of quantum size levels
which corresponds to jg〉 states. For the sake of
simplicity of the expressions to obtain, let us assume the
state densities and to be independent of frequencyQ1, Q2
and Gng ¼ Gn . Going from summation to integration
over frequencies in Eq. (4) we obtain
nðu; IÞ ¼ n0 þ Z
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775where І s is the saturation intensity. In case of nano-
particles a value of G2n can be much higher than G
2
ng as
in case of molecules. This is supported by the fact of
considerable broadening of absorption bands in nano-
particles in comparison with that of volume samples.
Follows from this expression. As the radiation in-
tensity increases, value nonlinearity exhibits rapid
growth and reaches maximum (saturation) passes
through a maximum, and then decays to zero. The this
behavior of the nonlinearity is observed in experiments
(Fig. 1).
Studies show that the luminescence spectra of
dielectric nanoparticles due to recombination of exci-
tons depends on the matrix and have asymmetrical
form [12]. The results of our research of the different
sizes nanoparticles luminescence in the water, oil or
pressed into a tablet are shown in Fig. 4. We used the
dielectric a-Al2O3 nanoparticles with 7-eV bandgap of
the bulk sample. As a matrix for nanoparticles
(εstat ¼ 10) we use distilled water (εstat ¼ 80) and
Fig. 4. Luminescence spectra. Nanoparticle sizes 1) - 50 nm; 2) 13 nm.
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spectra the nanoparticles array into immersion oil and
water has not absorption band, in difference from [9].
This suggests that in nanoparticles are absent or veryFig. 5. Luminescence spectra. Thirdpoorly developed the donor defective levels. The en-
ergy of the photons of the pump radiation 3.49 eV,
significantly smaller bandgap of 7.2 eV. Therefore the
exciton states lying in the depths of the forbidden bandpeak, nanoparticle sizes 50 nm.
Fig. 6. Luminescence spectra. First and third peaks. Nanoparticles sizes 50 and 13 nm.
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nescence spectra manifested in blue or red shift of the
spectrum if the dielectric permittivity of the matrix,
respectively, less or more substances nanoparticles.
The exciton luminescence spectra directly depends on
the density of exciton states. Usually the density of
exciton states increases with decreasing their binding
energies and therefore the spectrum of the radiative
recombination of excitons should have asymmetrical
form. The high-frequency part of a spectrum should be
steeper than the low-frequency of the luminescence
spectrum. Using these signs of we can conclude in
luminescence spectra presented in Fig. 4 the excitons
are responsible for the first and third peaks. This is
especially clearly seen in Figs. 5 and 6.Conclusion
Thus of the submissions follows that in dielectric
nanoparticles can exist the exciton state. with the width
energy spectrum of a few electron volts Their density
of states depends on the shape and size of the nano-
particles and the matrix material in which they are
located If the dielectric permittivity of the matrix
material is less than the nanoparticles, the exciton
states to actively are manifested in the nonlinear op-
tical response. By changing the size and shape of the
nanoparticles and the matrix material can generate the
necessary exciton state. In this way is possible to create
a new non-linear optical materials having low
threshold nonlinear optical properties of the optically
177Yu.N. Kulchin et al. / Pacific Science Review 16 (2014) 170e177the active materials and working materials. Such ma-
terials with a wide spectrum of exciton states are
important for creation: exciton lasers and optical
emitters; receiving and emitting optical nano-antennas;
control and processing information and signals; gen-
eration low-power optical solitons; optical computers
etc.
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